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osting by EAbstract Due to awareness of the environmental and economical reasons the objective of modern
technology is turning away from deposition and incineration of end-of-life products towards a far
reaching product reuse. Disassembly is the main stage in the product end-of-life treatment. As dis-
assembly process is mainly manual in nature, we assume that ergonomic factors are considered to
have an effect on the process. The aims of this study is to investigate the level of involvement of ergo-
nomic aspects in the disassembly workplace with the effect of their absence on the human perfor-
mance which in turn may reﬂect on the losses in the disassembly outcomes and modelling an
optimum disassembly plan incorporating the ergonomic factors within the model. This model is try-
ing to ﬁnd a disassembly scheme which maximizes the output revenue of the process via the minimi-
zation of the losses caused by the human error without jeopardizing the logic technical sequence. To
investigate the human error in the disassembly workplaces and to develop the disassembly cost index
score model, a survey was conducted in a variety of commercial electronic and delicate parts disas-
sembly facilities, especially on the personal computers (PCs) disassembly. Based on this survey a mul-
tifactor weighted estimation scheme was proposed with the four factors; the need for special hand
manoeuvring, visibility of parts, complexity of disassembly task and instruction of disassembly.
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lsevier1. Introduction
Increased public awareness of environmental issues has
resulted in a growing concern with the environmental implica-
tions of product design, manufacturing process, and product
end of life. The shortage of landﬁll space and the expanding
regulation of waste are all combining to drive up the costs of
waste disposal signiﬁcantly in the next few years. Therefore,
research on disassembly methodology for recovery is required
for the ‘‘end of life’’ phase of products. Disassembly process
serves multiple purposes as products may be disassembled to
enable maintenance, enhance serviceability and/or to affect
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ture, recycling and energy recovering operations. The growth
in responsibilities for the original manufacturer, which this
process entails, means that companies must start to consider
seriously the cost of disposal and recycling, along with manu-
facturing and service costs, in the total life cycle costs of the
product they produce. The disassembly process, as an im-
proved and less costly method of recycling and reproducing
materials, is an important contribution to this overall problem.
Once products disassembled, the items can be reused, recycled
or discarded. One can identify two distinct aspects of the
disassembly problem: design for disassembly (DFD) and plan-
ning for disassembly (PFD). The goal of design for disassem-
bly is to design products that are easy to disassemble. On the
other hand, the objective of planning for disassembly is to
identify efﬁcient sequences to disassemble products. This study
focuses on the planning for disassembly aspect of the disassem-
bly process. It is necessary to plan disassembly processing efﬁ-
ciently so as to minimize costs and the amount of disposal as
well as to maximize product end of life objectives. Kongar
and Gupta [1] approaches of product recovery can be classiﬁed
into three major aspects: environmental, economical and ergo-
nomic aspects. The end of life economic value of components
can be computed. Das et al. [2] introduced a methodology
which supports and facilitates the economic analysis of the dis-
assembly activity. Edwards et al. [3] provided a framework
where the cost of recovery can inﬂuence design.
2. Product end of life ergonomic aspects
Lambert [4] applies Linear programming model to some stan-
dard problems, where the graphical representation is trans-
formed in a linear programming problem. Taleb and Gupta
[5] presented two algorithms to obtain a scheme for disassem-
bling multiple product structures having common parts. Gungor
and Gupta [6] presented an approach to evaluate different
disassembly strategies. This method allows the selection of the
best disassembly process among several alternatives. Gungor
and Gupta [7] presented the methodology to develop a disas-
sembly sequence plan framework for handling the uncertainties
which arise in the product or in the disassembly process. Then
Gungor and Gupta [8] proposed a methodology to generate a
near optimum disassembly sequence plan for a complete disas-
sembly product using a heuristic algorithm. A new approach
was proposed by Srinivasan and Gadh [9] wave propagation,
for selective disassembly analysis. Computer Aided Rough Dis-
assembly Sequence Design (CARDIS) was an approach pre-
sented by Franke et al. [10] to support the experienced
disassembly planner in the design and evaluation of disassembly
sequences. Gupta et al. [11] solved the disassembly sequencing
problem in a disassembly line. Shimizu et al. [12], it decides
automatically the optimal disassembly sequence through a
meta-heuristic method known as Genetic Programming (GP),
which is a scheme of such system that will realize the general
idea. Most previous algorithms focus on the theoretical part
of the product disassembly process, while they lack to consider
crucial factors such as; force required the need for specialized
manual tools in order to facilitate disassembly, accessibility of
disassembled parts and the need for adopting irregular working
postures for a prolonged period of time. This is where the ergo-
nomical aspects of the disassembly process come into picture
[13].In this work, a disassembly sequence planning model is sug-
gested. This model objective is to minimize the disassembly
costs via ﬁnding the optimum ergonomic factors that is be-
lieved to directly affect the percentages of losses in disassembly
workstations. As a ﬁrst step, it was necessary to conduct a sur-
vey on the most important factors that may cause losses during
disassembly process. The survey and the model are described
in the following sections.3. Survey on disassembly workstations
The aim of this survey is to ﬁnd out the main factors affecting
the workers performance in disassembly process, which may in
turn cause losses in the form of lost or damaged disassembled
components and lost time. This survey involved three forms of
data collection, ﬁrst; a questionnaire to investigate the overall
and the body part discomfort experienced by workers using
Corlett, E. N. & Bishop, R. P. (1976). Second; negotiations
with worksites’ managers to identify the approximate percent-
ages of losses out of different workstation, the most frequently
damaged parts, and the most proﬁtable ones along with the
revenue gained out of selling each component. Finally, an eval-
uation of workstations’ furniture and general environmental
conditions. This was done via direct measurements and
observations.
4. Surveyed workstations and subjects
Nine workstations in different nine worksites were surveyed.
The surveyed worksites were selected to be PCs disassembly
task. Sixty ﬁve male workers (age range 19–35 years) in disas-
sembly workstations participated in this survey. All partici-
pants have at least six months of occupation. The
investigated factors in this survey are visibility of parts, com-
plexity of the disassembly task, the need for a special hand
maneuvering – for inaccessibility reasons – and the availability
of speciﬁc disassembly instructions. Each disassembly task was
evaluated in the context of the availability of each suggested
factor, e.g. the task would be a complex task, and the disas-
sembled part is visible and inaccessible so it requires a special
hand maneuvering. The existence of the suggested factors was
estimated by the experienced specialists in the disassembly
activity involved. A 0- to -100 scale was used to help in the
evaluation of the severity of each suggested factor for a given
disassembly task (multi-attribute utility theory). By using anal-
ysis of variance ANOVA for the surveyed data, four factors
had a signiﬁcant effect on the percentage of damaged disas-
sembled parts. Disassembly instruction availability had the
major percentage by 34% followed by the complexity of disas-
sembly task 25% and then need for special hand maneuvering
factor by 23% and ﬁnally the visibility of parts factor by 18%.
These factors will be used in the suggested model, while the
results and the data collected in this survey will be used in
the implementation of the suggested model.5. Disassembly sequence plan model
The proposed model purpose is to ﬁnd the optimum disassem-
bly sequence plan for either selective or total disassembly
incorporating the most signiﬁcant ergonomic factors that are
believed to affect the disassembly process and its output.
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In the process of disassembly sequence of processes are in-
volved, in which one parent subassembly falls apart into two
child subassemblies. A child subassembly might be a single
part. Such a singular process destroys a subassembly and cre-
ates two new ones. The possible sequences are represented by a
graph. Then, this graphical representation is transformed in a
linear programming (LP) problem. This proceeds as follows.
Two sets are deﬁned: a set S of subassemblies and a set A of
process steps or actions. The set of subassemblies consists of
all feasible combinations of parts, the original complete prod-
uct and single parts included. Each action involves destruction
of an original (parent) subassembly and creation of two child
subassemblies. Fig. 1 shows an example of three parts disas-
sembly [7].
Nodes are circles representing subassemblies, and arcs are
lines representing actions. Arcs are numbered 1–4, and subas-
semblies are indicated by their composition within the circles.
A/C means: consisting of part A, B and C. The original assem-
bly is positioned at the leftmost side of the graph. Here it is
shown that the original assembly can be disassembled in two
ways: by action 1, that separates it in a subassembly with parts
A, B and one with part C, or by action 2, i.e., the separates
parts A, C, and leaves us with a subassembly that consists of
the B. Action 3 is the separation of subassembly A, B into
the separate parts A and B. Action 4 is the separation of sub-
assembly A, C into the separate parts A and C.
The disassembly graph can be represented by a transition
matrix T of size S (Subassembly) multiplied A (action). Each
of its columns corresponds to an action and each of its rows
to a subassembly. Destruction or creation of a subassembly
by this action is indicated by assigning the value +1 to the ele-
ment on the corresponding row. All other elements are zero.
For each action, a ﬂow variable xj is assigned. This indicates
whether or not action j should be executed. Usually, such vari-
ables should only obtain the value 0 (no action), or 1 (action).
The formal model description
Objective function is to
Maximize:
Z ¼
X
i
X
j
ðTijri  CjÞxj
Subject to subassemblies node equationA/C
A, B
A, C
1
2
3
Figure 1 Disassembly gX
j
Tijxj 6 1 xj¼1 ¼ 1; xjbinary
i and j represent subassemblies and actions respectively, Tij is
the transition matrix for each subassembly i and action j, xj
are ﬂow variables for action j, ri are subassembly revenues,
Cj are action costs and xj = 1 is the initial action.
Cj ¼Pj [(time elapsed in a disassembly action (j) multi-
plied by labor cost/unit time) plus (losses due to certain
action)].
Cj ¼
X
j
½ðtjÞaþ bLj
where tj is the time elapsed to disassemble a part via perform-
ing an action j, a the labour cost per unit time, b the cost factor
including indirect and overhead costs, Lj the loss due to a cer-
tain action.
Loss due to an action for small/delicate parts
Lj ¼
X
j
ðWfXfÞ
whereWf is a weight representing the contribution of each fac-
tor (f) to loss; Xf a variable to describe the existence of each
factor suggested in the conducted survey. These factors as sug-
gested in the survey were visibility of parts, complexity of the
disassembly task, the need for a special hand maneuvering,
and the availability of speciﬁc disassembly instructions. These
factors are expressed in the following variables:
Lj ¼
X
j
ðWmXm þWvXv þWdXd þWiXiÞ
where Xm is the need for a special hand maneuvering, Wm the
hand manoeuvring contribution weight, Xv the part visibility,
Wv the visibility contribution weight, Xc the level of complexity
performed task, Wc the complexity contribution weight, Xi the
availability of a speciﬁc disassembly instructions, Wi the
instructions availability contribution weight.
Xm, Xv, Xd and Xi scores were assigned based on the de-
tailed study of the most commonly encountered disassembly
operations. For example, for any action, the ﬁrst factor, the
need for a special hand manoeuvring, if the disassembly task
needs a special hand movement the score will be taken as 1
i.e. number 1 on the scale represent maximum accuracy re-
quired while 0 represents no accuracy required and for the
moderate accuracy required the score will be 0.5. For theA
B
C
4
raph for three parts.
Figure 2 Illustrative case for the disassembly model.
A/
C
A,
B
A
A,
C
B
C
1
2
3
4
Figure 3 Optimal disassembly sequence for the given assembly
and the bold lines represent the optimal disassembly sequence.
216 M.M. Youssif et al.visibility of part required, if the disassembled part needs to be
clearly seen the score will be selected on the scale as 1. On the
other hand, the score will be 0 that if the disassembled part is
accessible. For the third factor complexity of disassembly task,
if the action is complex the score will be selected as 1, i.e. num-
ber 1 on the scale represent that this action is a complex task
while 0.5 for moderate task complexity and 0 represents a sim-
ple task. The availability of speciﬁc disassembly instructions
will take the value 1 while 0 means there are no instructions
available.
The model can be represented as:
Maximize; Z ¼
X
i
X
j
ðTijrj  ½ðtjaÞ þ bðWmXm þWvXv
þWdXd þWiXiÞÞxj7. Disassembly sequence planning model veriﬁcation
To verify the developedmodel at the beginning a simple example
is selected. A product consisting of three different parts A, B,
and C, mounted to it (Fig. 2). Because of technical reasons, it
is not possible to remove A from B and C, because B and C
are disjunctive. It is evident that parts B and C, when disassem-
bled, should be put in the same container if they are intended for1/10
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2/4
6/10
1
2
3
1,2
5/8
1/3
5/8
1/8
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Figure 4 Possible PC disamaterials reuse, for their speciﬁc revenue remains the same but
further handling becomes simpler and, as a matter of fact,
cheaper. The same reasoning is relevant to more complicated
assemblies. Here, a principal difference with disassembly
appears.
The disassembly graph of the assembly of Fig. 1 is pre-
sented in Fig. 3.
The node equations are:
Node A/C: x1 þ x2 6 1.
Node A,B: x3 6 x1.
Node A,C: x4 6 x2.6,7,8
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ssembly sequence plans.
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gramming model applied using excel solver software and the
optimal disassembly sequence was C, A and B.
8. Disassembly sequence planning model validation
For the purpose of model validation, personal computers dis-
assembly task was selected as an example to implement the
proposed model. The computer worksites were selected to sat-
isfy the requirements for complete computer disassembly to get
ten parts. Only one type of desktop arrangement of parts is
involved in the selected case study. The data collected in the
conducted survey were used as an input for this case (Fig. 4).
8.1. Model inputs
1. A graphical representation of all possible disassembly
sequence plans. In the studied case there are four different
disassembly sequence plans to get the main PC desktop
components.
2. The transition matrix (Appendix: Table 1) to express the
actions and its related subassemblies.
3. The percentage of contribution for each suggested ergo-
nomic factor incorporated in the suggested model.
4. The disassembly cost index scores and time required for
each action.
5. The revenue out of each sound and safe disassembled and
sold part.
6. The proposed model was implemented and tested on ten
disassembled parts out of the PC casing. Data were col-
lected in a PC disassembly centre, these data are most
resold parts of used PCs, the conditions accompanying
the disassembly of each required part, and the reselling
price of each part. Excel (Microsoft Ofﬁce 2007) was used
for solving this optimization problem and the model gave
the best sequence plan and the optimum estimated revenue.
9. Conclusion
In this work, new four factors were suggested as important fac-
tors in the disassembly of products of small and delicate com-
ponents. These factors are the need for special hand
manoeuvring, visibility of parts, the need for disassembly
instructions and complexity of disassembly task. These factors
could be considered as the potential factors during disassembly
process that may cause loss due to damaged and broken parts.
An Integer Linear Programming model was proposed to be the
ﬁrst attempt towards the incorporation of ergonomic factors in
disassembly sequence planning optimization model. The pro-
posed model has been applied in an industrial case study using
actual data of a PC disassembly and the percentage of contribu-
tion of each factor in the lost cost due to human error was
evaluated.The following recommendations are suggested for possible
future work to complement the efforts established in this work.
The model can be extended to include more cost elements by
conducting an extensive economic study. More studies are
required to investigate other ergonomic factors that may cause
disassembly losses due to human error.
10. Statement of relevance
The importance of human factors in disassembly planning is
recognized. By incorporation ergonomic factors a model is
proposed that reaches at an optimum disassembly sequence
plan that optimizes the disassembly revenue. This study shows
the importance of considering suggested ergonomic factors
within the disassembly workplace and their impact on expected
revenue.
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